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Although pressure is an important environmental parameter in microbial niches such as the deep sea and
is furthermore used in food preservation to inactivate microorganisms, the fundamental understanding of its
effects on bacteria remains fragmentary. Our group recently initiated differential fluorescence induction
screening to search for pressure-induced Escherichia coli promoters and has already reported induction of the
heat shock regulon. Here the screening was continued, and we report for the first time that pressure induces
a bona fide SOS response in E. coli, characterized by the RecA and LexA-dependent expression of uvrA, recA,
and sulA. Moreover, it was shown that pressure is capable of triggering lambda prophage induction in E. coli
lysogens. The remnant lambdoid el4 element, however, could not be induced by pressure, as opposed to UV
irradiation, indicating subtle differences between the pressure-induced and the classical SOS response. Fur-
thermore, the pressure-induced SOS response seems not to be initiated by DNA damage, since ArecA and lexA1
(Ind™) mutants, which are intrinsically hypersensitive to DNA damage, were not sensitized or were only very
slightly sensitized for pressure-mediated killing and since pressure treatment was not found to be mutagenic.
In light of these findings, the current knowledge of pressure-mediated effects on bacteria is discussed.

Pressure is an environmental parameter that varies only
between narrow limits and thus has little or no influence in
most commonly studied microbial niches. However, in some
specific niches and situations, the life and death of microor-
ganisms are strongly affected by pressure. This is the case for
piezophilic and piezotolerant microorganisms (respectively re-
quiring or tolerating high pressure during growth) living in the
deep sea and the deep subsurface (40, 54) and also for nonpi-
ezophiles that are subjected to pascalization, an emerging pro-
cess for preserving foods by treatment with ultrahigh pressure
(100 to 1,000 MPa) (15). Although pressure, like temperature,
is a thermodynamically well-known physical parameter, the
effects of high pressure on microorganisms remain poorly char-
acterized, unlike those of heat. Some effects of pressure on
biomolecules and biological systems that have been well stud-
ied in vitro and explained on the basis of thermodynamic
principles are protein denaturation and phase transition in
membranes (5). Therefore, most pressure effects on microor-
ganisms observed in vivo, such as inhibition of key enzymes
(48) and processes (20, 41) and disruption of cellular structures
(35) and membranes (22, 42), are believed to stem from these
primary events.

Microorganisms that are adapted to normal atmospheric
pressure (0.1 MPa), such as Escherichia coli, can often grow at
pressures up to a few tens of megapascals, but only at a
strongly reduced rate. The deep sea, on the other hand, with
pressures ranging from 30 up to 100 MPa, constitutes a reser-
voir of piezophilic and piezotolerant microorganisms, which
have become a model for studying piezophysiology and to gain
insight into cellular adaptation strategies for coping with high-
pressure stress. Although these organisms remain difficult to
study, several research groups have revealed specific piezopro-
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tective alterations in their membrane and protein components,
such as an increased proportion of unsaturated fatty acids and
a decreased occurrence of helix-destabilizing amino acid resi-
dues, respectively (reviewed in references 1 and 8).

Pressures in the range of 100 to 1,000 MPa kill most micro-
organisms and are being used in high-pressure food preserva-
tion, because they leave most of the sensorial and nutritional
properties of the food intact, as opposed to thermal treatments
(15). Detailed pressure inactivation studies, however, revealed
significant differences in pressure sensitivities among vegeta-
tive bacterial species and even between strains within a single
species (3, 9). Moreover, several groups have reported the
selection of pressure-resistant mutants of E. coli (23, 28) and
Listeria monocytogenes (31). Although not affecting pressure
growth limits, the resistance in E. coli was extended by an
extraordinary 500 MPa (28). Molecular characterization of
such pressure-resistant mutants of E. coli and L. monocyto-
genes revealed in both cases the abundance of heat shock
proteins (2, 32), stressing protein management as an important
feature for withstanding extremely high pressures.

In order to understand the piezoprotective adaptations in
dedicated deep-sea bacteria as well as in surface-dwelling bac-
teria that have mutated to become resistant to high-pressure
inactivation, a better insight into cellular awareness of pressure
is necessary. One way to achieve this is by characterizing the
bacterial high-pressure response. To date, only a few groups
have embarked on dissection of the genetic response of piezo-
tolerant or piezosensitive microorganisms to pressure. For the
deep-sea bacterium Photobacterium profundum SS9, Bartlett
and colleagues discovered the expression of outer membrane
proteins to be pressure dependent and to be regulated at the
molecular level by homologues of the Vibrio cholerae ToxR and
E. coli RpoE proteins (7, 16, 53). Using two-dimensional so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
gene arrays, two other studies revealed a link between the
pressure response and the heat shock or freeze-thaw response
of E. coli and Saccharomyces cerevisiae, respectively (30, 52).
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Using a differential fluorescence induction (DFI) screening
(50), our group recently was able to demonstrate induction of
several heat shock promoters after pressure treatment in E.
coli, further substantiating the link between the genetic heat
shock and pressure responses (2).

The characterization of the genetic response of microorgan-
isms upon pressure treatment, however, remains fragmentary
and is far from finished. In this paper, based on further DFI
screening, we describe the unexpected discovery of a pressure-
induced SOS response for E. coli. The SOS response is typi-
cally induced upon DNA damage, for example, after UV irra-
diation or mitomycin C treatment, resulting in stalling of the
DNA replication fork and disassembly of the replication ap-
paratus. This then results in the exposure of single-stranded
DNA, which is rapidly sensed and stabilized by the RecA
protein, generating a nucleoprotein filament that activates the
autoproteolytic activity of LexA. Intact LexA acts as a repres-
sor of the SOS response, controlling more than 40 genes in-
volved in stabilization of single-stranded DNA, base or nucle-
otide excision repair, recombinational repair, translesion
synthesis, and control of cell division (21, 36, 37). Pressure
induction of the SOS response is surprising and has never been
reported earlier, but it provides an explanation for some as yet
unexplained pressure-related phenomena in bacteria.

MATERIALS AND METHODS

Strains and growth conditions. The effects of high-pressure treatment were
studied with E. coli strain MG1655 (13). Derivatives of MG1655 carrying either
ArecA, lexA1 (Ind™), or e14::Tnl0 were constructed by P1 transduction (46),
using QC2411 (ArecA srl::Tnl0) (19), AM121 (lexAl [Ind™] malF3089::Tnl0)
(4), and CH1494 (e14-1272::Tn10) (14), respectively, as donor strains. Tetracy-
cline-resistant transductants were isolated and, in the case of ArecA and lexAl
(Ind™) strains, checked for UV sensitivity. Lysogens of MG1655 wild-type and
ArecA and lexAl strains were constructed using NP[P3rpoH::lacZ] isolated from
ADAG600 (10) and selected on medium containing 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside (20 pg/ml). Finally, C600 was used as a host for counting
PFU.

Overnight cultures were obtained by growth in Luria Bertani broth (LB) (46)
for 21 h at 37°C under well-aerated conditions. Antibiotics (Applichem, Darm-
stadt, Germany) were added when necessary to obtain the following concentra-
tions: 100 pg of ampicillin/ml and 20 pg of tetracycline/ml.

Construction and screening of promoter trap library of MG1655. A promoter
trap library of MG1655, consisting of ca. 15,000 independent clones, each con-
taining 1- to 3-kb fragments of a partial Sau3AI digest of MG1655 chromosomal
DNA inserted upstream of the promoterless gfp gene of pFPV25 (50), was
constructed earlier (2). Screening of the promoter trap library was based on the
DFI technique described by Valdivia and Falkow (50) and slightly customized for
isolating pressure-induced promoters as recently described (2).

Pressure treatment. Overnight cultures were diluted 1/100 in fresh prewarmed
LB with 100 pg of ampicillin/ml and further incubated until late exponential
phase (optical density at 600 nm [ODg,] = 0.6). Portions (4 ml) of this culture
were then pelleted by centrifugation (5 min at 6,000 X g) and resuspended in the
same volume of fresh prewarmed LB. For pressure induction, a 500-pl sample
was sealed without air bubbles in a polyethylene bag and pressurized for 15 min
in an 8-ml pressure vessel, maintained at 20°C with an external cooling circuit
(Resato, Roden, The Netherlands). It should be noted that pressurization caused
some adiabatic heating of the sample; however, this was less than 3°C at 100
MPa, which was the maximum inducing pressure used in this study. For inacti-
vation experiments, pressures up to 300 MPa were used. After treatment, cul-
tures were maintained at 37°C and used for the measurement of gfp induction,
phage induction, or determination of viability.

Green fluorescent protein (GFP) fluorescence measurements. After induction,
300-pl samples were transferred to microplate wells and placed in a fluorescence
reader (Fluoroscan Ascent FL; Thermolabsystems, Brussels, Belgium). Fluores-
cence at 520 nm was then measured at 30-min intervals with intermittent shaking
(every 5 min) at 37°C, using an excitation wavelength of 480 nm. At the same
time, ODg, was measured and fluorescence was expressed per unit of ODg.
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Alternatively, 3 h after induction, cultures were analyzed by fluorescence-acti-
vated cell sorting (FACS) analysis using a FACSCalibur apparatus (Becton
Dickinson, Erembodegem, Belgium) fitted with an argon laser emitting at 488
nm. Fluorescence data shown are representative results from at least four inde-
pendent experiments. To determine the fold induction after pressure treatment,
population means of fluorescence calculated by the FACSCalibur software were
used.

Determination of viability. Serial dilutions from pressurized and nonpressur-
ized samples were plated on Tryptone Soy Agar (Oxoid, Basingstoke, United
Kingdom) with a spiral plater (Spiral Systems Inc., Cincinnati, Ohio). Twenty-
four hours later, colonies on the plates were counted, and reduction factors (RF)
were determined as follows: RF = [no. of CFU/ml (nonpressurized sample)]/[no.
of CFU/ml (pressurized sample)].

Construction of plasmids. Specific GFP transcriptional fusions were con-
structed in pFPV25 with the promoter regions of recA (P,..4) and suld (P,,,),
which were obtained by PCR (Platinum Pfx DNA polymerase; Invitrogen, Merel-
beke, Belgium), using the primer pairs 5'-TACGTCTAGATTATACTCCTGT
CATGCCGGG-3' and 5'-TAGCGGATCCTGTCTATTAGTGGTATCGCC-3’
for P, and 5'-GCATTCTAGATTAACGATGTGCATAGCCTC-3" and 5'-G
CATGGATCCCCCGAAGATACAACTCACC-3' for P,,,,. Both PCR prod-
ucts and pFPV25 were cut with BamHI and Xbal to allow directional cloning of
the promoters upstream of gfp. Subsequently, these constructs were transformed
to wild-type, ArecA and lexA1 (Ind ™) backgrounds of MG1655 and confirmed by
sequencing the promoter fragment and the gfp 5’ end. All restriction enzymes
were purchased from Roche Diagnostics Belgium (Vilvoorde, Belgium).

Sequencing. Inserts in the pFPV25 plasmid were sequenced by MWG Biotech
AG (Ebersberg, Germany), using 5'-GACAAGTGTTGGCCATGGAACAGG
TAG-3' in the 5’ region of gfp as a sequencing primer.

Phage induction. Late exponential cultures (ODg, = 0.6) of the \ lysogenized
strains were pressure treated as described above and subsequently incubated at
37°C. At different time points after pressure treatment, 500-pl portions of pres-
sure treated and untreated control cells were centrifuged (5 min at 24,000 X g),
and the supernatant was sterilized by adding 30 .l of chloroform and vortexing.
Afterwards, dilutions of this supernatant were added to 1 ml of stationary-phase
C600 cells, which are a more efficient plating host than MG1655. Subsequently,
3 ml of TBMM top agar (34) was added to this culture, and the mixture was
poured on a LB plate. After 24 h, the number of PFU was counted and recal-
culated to number of PFU/milliliter of the original culture.

UV treatment. The UV oven used in this work (Bio-Link, Vilber Lourmat,
France) was equipped with five fluorescent lamps of 8 W each, emitting from 180
to 280 nm with a peak at 254 nm. UV doses were programmed and are controlled
by a radiometer that constantly monitors the UV light emission.

For measuring induction of promoters by UV, 1-ml portions of late-exponen-
tial-phase cultures (ODgy, = 0.6) of strains containing promoter-gfp fusions or
carrying a A prophage were poured in a petri dish and irradiated in the UV oven
(0.1 kJ/m?). Afterwards, the cultures were used for measurement of production
of GFP or N phage particles. For measuring UV inactivation or el4:Tnl0
excision, a dilution series of cells was plated on LB agar and directly irradiated
in the UV oven (0 to 0.1 kJ/m?). The distance between the lamps and the plates
was 14 cm. After 24 h, colonies were counted. It should be noted that irradiating
a 1-ml culture in a petri dish resulted in far less inactivation than direct irradi-
ation of plated bacteria (about 1 log cycle for the wild type and the lex4] mutant
and 1.5 log cycles for the Arec4A mutant).

RESULTS

uvrA induction by pressure, detected by DFI. DFI screening
of a random promoter probe library of E. coli MG1655, con-
structed in pFPV25, led to the isolation of several plasmids
containing putative pressure-inducible promoters. Sequence
analysis of the cloned fragments revealed in one particular
clone the presence of the uvr4 promoter (P,,, ) with its LexA
binding box upstream of gfp. This clone showed a ca. fivefold
increase in fluorescence 3 h after sublethal pressurization at
100 MPa for 15 min (Fig. 1), whereas the vast majority of
clones containing random promoter fragments did not show
pressure-induced GFP expression (data not shown). The func-
tionality of P,,,., in the checked fragment was further con-
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FIG. 1. Flow-cytometry analysis of the high-pressure induction of PuvrA, PrecA, and PsulA fused to gfp in the wild-type MG1655 background,
3 h after treatment at 100 MPa for 15 min. The curves with the grey and transparent surfaces underneath represent populations of approximately

10° control cells and high-pressure-treated cells, respectively.

firmed by a dose-response curve showing UV induction (data
not shown).

Induction of a bona fide SOS response by pressure. Since
uvrA is part of the SOS regulon, two additional gfp transcrip-
tion fusions were constructed with the promoters of recA
(P,..) and sul4 (P,,,). Like P, ,, these promoters also har-
bor LexA binding boxes, but the LexA dissociation constant for
each promoter is different (in order of increasing LexA affinity:
P, 4> Prcs, and P, ). Both P, and P, proved to be
responsive towards pressure treatment, showing ca. 18-fold
and ca. 20-fold fluorescence induction at 100 MPa, respectively
(Fig. 1).

Since pressure can cause protein denaturation (5), one pos-
sible explanation for the observed induction of the SOS re-
sponse was denaturation of the LexA repressor, resulting in
clearance of the LexA boxes and in a short-cut mechanism of

induction of the SOS response. Alternatively, the SOS re-
sponse could be the result of a bona fide physiological re-
sponse, dependent on the key regulators RecA and LexA. To
distinguish between the two possibilities, we investigated the
effect of a RecA deletion (Arec4) and a cleavage-resistant
LexA protein (lexAl Ind™) on pressure induction of P, ,,
P,.cu, and P, .. Figure 2 clearly shows that both defects abol-
ish pressure induction of all three promoters at 100 MPa,
similar to what they do for their induction by UV. Since ArecA
strains were slightly more inactivated at 100 MPa than wild-
type and lexAIl (Ind ™) strains (see Fig. 4A), the same experi-
ment was repeated at 75 MPa, where the differences in inac-
tivation between all three strains were negligible and loss of
responsiveness in the ArecA background could not be attrib-
uted to loss of viability. Although the induction at 75 MPa was
slightly lower, a similar pattern was observed (data not shown).
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FIG. 2. High-pressure (100 MPa, 15 min, m) and UV (0.1 kJ/m?, A) induction of PuvrA, PrecA, and PsulA fused to gfp in the wild-type MG1655,
ArecA, and lexA1 (Ind™) backgrounds compared to results for untreated control cells (4 ).

From this we can conclude that a genuine, RecA and LexA-
dependent SOS response is elicited by sublethal pressures.

Induction of the lytic development of lysogenic A by pres-
sure. Since the activated RecA nucleoprotein fragment stim-
ulates autocleavage not only of LexA but also of the phage A
CI repressor, responsible for maintaining lysogeny (36), we
anticipated that pressure would cause induction of A prophage
from lysogenized MG1655. Figure 3A shows that an almost
10*-fold induction of N prophages indeed occurred 3 h after
pressure treatment. Since this induction was not accompanied
by visible lysis of the culture, we presume that only a subpopu-
lation of cells was induced. In addition, pressure-mediated
prophage induction was also shown to be LexA dependent
(Fig. 3B), since lysogens displayed severely diminished induc-
tion in a lexA1 background. Finally, in a Arec4 background, no
phage induction could be observed (Fig. 3B). A similar pattern
of prophage induction by UV irradiation (Fig. 3B) or mitomy-
cin C treatment (data not shown) was observed.

Stability of the e14 element is not affected by pressure treat-
ment. The el4 element is a 15.4-kb lambdoid bacteriophage

remnant known to excise itself from the E. coli genome upon
SOS induction by UV treatment (26). The use of an antibiotic
resistance marker positioned in e14 (see “Strains and growth
conditions”) allows direct demonstration of the presence or
absence of this element (14). Loss of el4::Tn/0 was assayed
after pressure or UV treatment by streaking ca. 400 survivors
on LB with 20 pg of tetracycline/ml. While ca. 60% of UV-
treated (0.02 kJ/m?) cells showed loss of €14, no loss was
observed for any of the pressures applied (Table 1).

ArecA and lexA1 mutants are not sensitized against pressure
treatment. MG1655 ArecA and lexAl mutants displayed no
sensitivity or only a very slightly increased sensitivity towards
pressure treatments that are sublethal (0 to 150 MPa) or
lethal (150 to 300 MPa) to MG1655 (Fig. 4A), although both
mutants were, as expected, extremely sensitive towards UV
irradiation (Fig. 4B). Together with the stability of the el14
element, unaffected by pressure, these observations provide
a remarkable difference in the behavior of E. coli towards
pressure versus other that toward SOS-inducing treatments
described so far.
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FIG. 3. (A) Induction of phage \ lysogens by high-pressure treatment (100 MPa, 15 min). Evolution of phage particle count [log(PFU/ml)] in
untreated (A) and high-pressure-treated (m) cell suspensions of MG1655. (B) Fold increase in phage particle count (PFU/ml) 3 h after pressure
treatment (100 MPa, grey bars) or UV treatment (0.1 kJ/m?, dashed bars) in cell suspensions of the MG1655 wild type or ArecA or lexAl mutant.
Titers of phage for untreated cell suspensions were ca. 1.2 X 10* PFU/ml for wild-type lysogens, 5 PFU/ml for ArecA lysogens, and 3.5 X 10°

PFU/ml for lexA1 lysogens.

DISCUSSION

The bacterial SOS response is typically induced by DNA-
damaging treatments, such as UV irradiation or exposure to
mitomycin C (21, 36, 37); however, its induction by pressure as
shown in this work (Fig. 1) was previously unreported. Al-

TABLE 1. Loss of the e14::Tn/0 element by pressure or
UV treatment

Loss of tetracycline resistance

Treatment No. of survivors . : o
in survivors (%)

None 1.8 x 10° 0
Pressure

50 MPa 8.9 X 10® 0

100 MPa 7.1 % 108 0

150 MPa 1.2 x 108 0

200 MPa 1.7 x 10° 0

250 MPa 1.7 x 10* 0
UV (0.02 kJ/m?) 1.8 x 107 60

though pressure is known to denature proteins, it has been
shown to stabilize DNA helices in vitro by promoting hydrogen
bonds and enhancing stacking of the hydrophobic bases, re-
sulting in compact DNA (6). The induction of the heat shock
response by high pressure, as has been reported previously (2),
therefore seems more logical than activation of the SOS regu-
lon. However, our results prove that the pressure-induced SOS
response is not a consequence of LexA repressor denaturation
by pressure but genuinely depends on the physiologically active
RecA and LexA proteins, since mutant strains with a RecA
deletion or producing the autocleavage-resistant LexAl vari-
ant did not exhibit SOS induction (Fig. 2.).

In addition to the transcriptional activation of uvrA, recA,
and sulA, \ prophage induction by pressure provided a second
independent manifestation of the pressure-mediated SOS re-
sponse that was also RecA and LexA dependent (Fig. 3A and
B). Whereas lysogens in wild-type E. coli after pressure induc-
tion produced an almost 10*-fold-increased level of phage par-
ticles, only about a 10-fold induction was observed in a lexA1
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background. This residual 10-fold induction is probably due to
activation of RecA protein that is formed by leaky expression
of its LexA-dependent promoter. While pressure-induced ex-
pression of the gfp fusions is silenced in a lex4! background
because of the inability of LexAl to cleave itself, the limited
amount of RecA protein after activation by pressure could
mediate some cleavage of the N CI repressor. In wild-type
lysogens, however, LexA also becomes cleaved, resulting in
derepression of the recA promoter, production of additional
RecA protein, and enhanced CI autocleavage stimulation. In
lysogens in a ArecA background, the noninduced production of
phage particles was strongly reduced (ca. 5 PFU/ml, compared
to ca. 10° to 10* PFU/ml in the wild type), and no induction by
pressure was observed (Fig. 3B) because the CI repressor is
not cleaved in the absence of RecA. Similar patterns of pro-
phage induction were obtained with UV irradiation, but UV
induction resulted in higher titers of phage than pressure in-
duction, indicating that the applied pressure treatments in-
duced a smaller fraction of lysogens (Fig. 3B). Thus, although
Fig. 1 shows a uniform induction of the SOS response through-
out the population, cleavage of the CI repressor seems to occur
only in a relatively small fraction of the pressurized cells. In-
terestingly, during the preparation of this report, our attention

was drawn to a 40-year-old study of Rutberg (45) (hard-copy
citations from 1953 to 1965 were added online to Medline on
30 September 2003), who demonstrated unexplainable similar-
ities between UV and pressure induction of \ in E. coli K12.
Therefore, in hindsight, our results provide a molecular de-
scription for this cryptic phenotype observed 40 years ago.

Some lambdoid prophages confer virulence properties to
their host upon lysogenization (51). A well-known example is
the Shiga toxin-converting (Stx) bacteriophages, which carry
the genes for production of Shiga toxins in Stx-producing E.
coli strains (47). In fact, we recently found Stx lysogens to be
inducible by high-pressure treatment (A. Aertsen, D. Faster,
and C. W. Michiels, submitted for publication). In food pres-
ervation, therefore, pressure treatment could potentially en-
hance the spread of these phages and lead to the emergence of
new pathogens or pathogens with increased virulence. The
probability of such a scenario is difficult to estimate, but re-
cently, Toth et al. (49) demonstrated that Stx bacteriophages
could indeed readily lysogenize enteropathogenic E. coli
strains in porcine ligated ileal loops.

Interestingly, the e14 element, which is a lambdoid prophage
remnant, remained unaffected by pressure treatment of differ-
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ent intensities, while an SOS response evoked by UV irradia-
tion caused its excision in ca. 60% of the survivors (Table 1).
Possibly, this difference can be attributed to the observation
that the pressure-mediated SOS response induces the excision
only in a smaller fraction of cells than with UV treatment, and
we were unable to detect it accordingly. Indeed, it could be that
none of the pressures used supports the sustained levels of
activated RecA necessary to induce detectable e14 excision. A
similar observation was made for A prophage induction (see
above). An additional distinguishing feature with classical
SOS-inducing treatments is that ArecA and lexA! mutants,
which are hypersensitive towards DNA-damaging treatments,
exhibited almost wild-type tolerance to pressure (Fig. 4A).
Although ArecA strains were slightly more inactivated by pres-
sure treatment than the wild type and lex4/ mutants, this
difference was small compared to the difference in UV sensi-
tivity between these strains (Fig. 4B). This feature may reflect
a lack of DNA damage induction by high pressure. Indeed,
MG1655 cultures showed no increased incidence of rifampin
resistance after high-pressure treatment (data not shown).
Moreover, in the literature, pressure has never been associated
with mutagenesis. Although two early studies reported an in-
creased occurrence of petite mutants in a pressurized S. cer-
evisiae culture (44) or pressure-induced color mutation in Eu-
glena gracilis (27), both phenotypes might be related to loss of
mitochondria or chloroplasts, respectively, rather than to mu-
tagenesis. In the absence of DNA lesions after pressure treat-
ment, the causal trigger of this SOS response remains enig-
matic.

Nevertheless, the presence of an activated RecA nucleopro-
tein filament can reasonably be assumed, since cleavage of
both LexA and CI seems to occur. This nucleoprotein complex
originates when RecA binds to single-stranded DNA (ssDNA)
in the cell (36), implicating the formation or exposure of
ssDNA during or after pressure treatment. While the DNA
helix itself is stabilized under pressure, the DNA replication
machinery performs one of the most pressure-sensitive essen-
tial cellular processes in E. coli (8). In fact, all multisubunit
protein complexes are highly susceptible to dissociation upon
pressurization, and therefore, we believe pressure to cause
disassembly of the replication fork. Without the requirement
for DNA lesions to stall the replication fork, this direct dena-
turation of the replication complex can then result in exposure
of ssDNA, which in turn can activate the RecA protein and
trigger SOS induction.

Interestingly, in recent years several microbial responses to
stresses seemingly unrelated to DNA damage, such as starva-
tion, aging, and translational stress, have been shown to evoke
or rely on members of the SOS regulon (12, 29). It has been
hypothesized that the increased mutation and recombination
rate, empowered by these SOS proteins, might generate ge-
netic diversity in times of stress (43). When the specific phys-
iological stress responses fall short, relaxation of the functions
involved in safeguarding the integrity of the DNA might well
be a last resort for a population to survive a high level of stress
by increasing its genetic diversity. Future research should de-
termine whether pressure can trigger adaptive mutations and
assess its possible implications for microorganisms exposed to
high pressure in the deep sea, the deep subsurface, or during
high-pressure food preservation.

PRESSURE-INDUCED SOS RESPONSE IN E. coli 6139

We have reason to believe that our findings present a new
paradigm in explaining several pressure-related phenomena.
The first pressure-responsive genes, discovered in Photobacte-
rium profundum SS9 by the group of Bartlett (7), comprise
ompH and ompL. Both encode outer membrane proteins, of
which OmpL is predominant under ambient pressures and is
replaced by OmpH under high pressures. Since the absence of
these genes did not influence growth or survival of SS9 at high
or ambient pressures, it was hypothesized that in the deep sea,
characterized by high pressure and nutrient scarcity, OmpL
was replaced by OmpH to facilitate nutrient uptake. Also in E.
coli, reduced expression of OmpC, OmpF, and OmpX was
observed upon growth at sublethal pressures (39). This repres-
sion seemed to occur independently from the normal EnvZ-
OmpR signal transduction cascade. Interestingly, Garvey et al.
(24) demonstrated earlier that OmpC, OmpF, and OmpA dis-
appeared in E. coli upon the induction of the SOS response by
nalidixic acid. Although this awaits further confirmation, we
therefore propose that pressure might well influence outer
membrane protein expression in the above-mentioned cases by
inducing an SOS response.

Another typical pressure-related phenomenon is cell fila-
mentation in piezosensitive bacteria growing at permissive high
pressures (=50 MPa) (38, 55). Interestingly, we found pres-
sure-induced cell elongation also to occur in the first hours
after sublethal high-pressure treatment (unpublished data).
Moreover, during the preparation of this report, an indepen-
dent study reported a similar effect in E. coli (33) after short
high-pressure treatment. In many cases, cell elongation is typ-
ically the result of an SOS response and, more specifically, of
SulA-mediated inhibition of FtsZ ring formation, which con-
stitutes an early and crucial step in the cell division process.
However, our observations were consistent with those pre-
sented by Kawarai et al. (33), showing no elimination of cell
elongation in a sul4 or recA mutant background after sublethal
pressure shock. In addition, no effect of the absence of SulA or
RecA on cell filamentation induced by growth at permissive
pressures was observed (unpublished data). Although both
Kawarai et al. (33) and Molina-Hoppner et al. (38) suggested
that elongation results from direct high-pressure inhibition of
FtsZ ring formation, we believe that high-pressure-induced cell
elongation in this respect resembles the “transient filamenta-
tion” phenotype observed by Gottesman et al. (25) after UV
treatment, which was also shown to be independent of SulA.
Also the recent finding of Bidle and Bartlett (11) that recD of
the piezotolerant deep-sea isolate SS9 allows E. coli to grow at
high pressures without filamentation is more compatible with a
model in which pressure-induced filamentation is mediated by
the SOS response than with the model assuming a direct effect
of pressure on FtsZ, because RecD is involved in DNA recom-
bination and repair. The exact mechanism by which RecD
affects pressure-induced filamentation in E. coli, however,
awaits further clarification.

Finally, Chilukuri et al. (17) have identified piezoadaptive
amino acid substitutions in the ssDNA binding proteins of
marine Shewanella strains living at elevated pressures that are
essential for the functionality of these proteins at high pres-
sure, while Welch et al. (52) observed increased rates of syn-
thesis of cold shock proteins, RecA, and some other proteins in
cultures of E. coli growing at 55 MPa. The idea was then
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formulated that pressure might mimic cold shock and that
elevated levels of DNA binding proteins would be necessary to
compensate for decreased DNA binding at elevated pressures
(18). Our data place these distinct observations in a broader
framework of a pressure-induced SOS response.

In conclusion, we have demonstrated the high-pressure in-
duction in E. coli of a genuine SOS response that nevertheless
shows some peculiar differences from the typical SOS response
as induced by DNA-damaging treatments. This SOS response
provides a plausible explanation for several previous observa-
tions made with bacteria under high pressure and at the same
time raises some intriguing new questions on how high pres-
sure triggers a response that is normally initiated by DNA
damage. In both ways, this work contributes to a better under-
standing of the effects of pressure on cells and cellular pro-
cesses.
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